In transport experiments, the quantum nature of matter becomes directly evident when changes in conductance occur only in discrete steps 1 , with a size determined solely by Planck's constant h. Observations of quantized steps in electrical conductance 2,3 have provided important insights into the physics of mesoscopic systems 4 and have allowed the development of quantum electronic devices 5 . Even though quantized conductance should not rely on the presence of electric charges, it has never been observed for neutral, massive particles 6 . In its most fundamental form, it requires a quantum-degenerate Fermi gas, a ballistic and adiabatic transport channel, and a constriction with dimensions comparable to the Fermi wavelength. Here we report the observation of quantized conductance in the transport of neutral atoms driven by a chemical potential bias. The atoms are in an ultraballistic regime, where their mean free path exceeds not only the size of the transport channel, but also the size of the entire system, including the atom reservoirs. We use high-resolution lithography to shape light potentials that realize either a quantum point contact or a quantum wire for atoms. These constrictions are imprinted on a quasi-twodimensional ballistic channel connecting the reservoirs 7 . By varying either a gate potential or the transverse confinement of the constrictions, we observe distinct plateaux in the atom conductance. The conductance in the first plateau is found to be equal to the universal conductance quantum, 1/h. We use Landauer's formula to model our results and find good agreement for low gate potentials, with all parameters determined a priori. Our experiment lets us investigate quantum conductors with wide control not only over the channel geometry, but also over the reservoir properties, such as interaction strength, size and thermalization rate.
In transport experiments, the quantum nature of matter becomes directly evident when changes in conductance occur only in discrete steps 1 , with a size determined solely by Planck's constant h. Observations of quantized steps in electrical conductance 2, 3 have provided important insights into the physics of mesoscopic systems 4 and have allowed the development of quantum electronic devices 5 . Even though quantized conductance should not rely on the presence of electric charges, it has never been observed for neutral, massive particles 6 . In its most fundamental form, it requires a quantum-degenerate Fermi gas, a ballistic and adiabatic transport channel, and a constriction with dimensions comparable to the Fermi wavelength. Here we report the observation of quantized conductance in the transport of neutral atoms driven by a chemical potential bias. The atoms are in an ultraballistic regime, where their mean free path exceeds not only the size of the transport channel, but also the size of the entire system, including the atom reservoirs. We use high-resolution lithography to shape light potentials that realize either a quantum point contact or a quantum wire for atoms. These constrictions are imprinted on a quasi-twodimensional ballistic channel connecting the reservoirs 7 . By varying either a gate potential or the transverse confinement of the constrictions, we observe distinct plateaux in the atom conductance. The conductance in the first plateau is found to be equal to the universal conductance quantum, 1/h. We use Landauer's formula to model our results and find good agreement for low gate potentials, with all parameters determined a priori. Our experiment lets us investigate quantum conductors with wide control not only over the channel geometry, but also over the reservoir properties, such as interaction strength, size and thermalization rate.
As pointed out by Landauer in 1957, conduction is the transmission of carriers from one terminal to another 8, 9 . At the heart of this idea is the separation of a conducting channel region from the terminals, which have the role of carrier reservoirs. Inelastic processes in these reservoirs keep them in a steady state, and a fast and dissipative dynamics ensures incoherent emission of the carriers into the channel. A criterion for the observation of quantized conductance is the suppression of both inelastic and elastic scattering processes in the channel, as well as an adiabatic connection of the channel to the reservoirs (Methods). These criteria are met in only very few systems, such as high-mobility twodimensional (2D) electron gases 2,3 , atomic-sized break junctions in metals 10 , and carbon nanotubes 11 . The conducting channel is then described by a discrete set of modes in the transverse directions and a continuum along the transport direction. Each transverse mode contributes a maximum value of 1/h to the conductance G, reflecting the maximum phase-space occupation allowed by the Pauli principle. This gives
where f is the Fermi-Dirac distribution, E n is the energy of the nth transverse mode and m is the chemical potential in the unbiased reservoirs. When the temperature is sufficiently low compared with the energy spacing of the transverse modes, the contribution of individual modes can be isolated in a transport measurement, leading to quantized plateaux in the conductance. The composite nature of the Landauer picture of transport has long prevented its realization with cold atoms 12 , even though one-dimensional systems have been extensively investigated [13] [14] [15] [16] [17] [18] . A situation opposite to the Landauer picture had been realized by placing Bose-Einstein condensates into a double-well potential, where the transport is governed by the coherence between the reservoirs 19 . Fermion reservoirs connected to 2D channels have recently been realized, but so far it has been possible to study transport only in the semi-classical regime, where individual transport modes are not resolved 7, 20, 21 . In sharp contrast to their solid-state counterparts, the atomic reservoirs are isolated systems, in which energy and particle number are strictly conserved and the dynamics is governed by free-particle motion interrupted only by rare elastic collisions between the particles.
The basis of our experiment is the transport set-up 7 . In brief, a weakly interacting gas of N 5 7.5(3) 3 10 4 fermionic 6 Li atoms is prepared in a cigar-shaped trap (the number in parentheses is the uncertainty (s.d.) in the final digit), which is then split into two reservoirs connected by a 2D channel using the repulsive potential of a TEM 01 -like (transverse electromagnetic) mode of a laser operating at 532 nm (Fig. 1a ). The Fermi temperature in this trapping geometry is T F 5 385(12) nK and the temperature is T 5 42(8) nK 5 0.11(2)T F .
A quantum point contact 22 (QPC) is created by lithographically projecting a split-gate structure onto the 2D channel ( Fig. 1a, b ). To do so, the negative of a slit with a width of 12 mm is printed on a binary mask and illuminated with a laser beam at 532 nm. A projection system, consisting of an achromatic lens and a high-numerical-aperture microscope objective, shrinks the object by a factor of 11. The width of the resulting QPC in the channel region is measured to be 1.5(3) mm (fullwidth at half-maximum) in the x direction, using a second, identical microscope placed opposite the first 23 . Because this width is comparable to the Fermi wavelength of 2.0 mm in our system, a single-mode regime should be accessible. The finite width of the diffraction-limited point spread function of the projection system leads to a harmonically confining potential along the x axis. The overall shape of the projected QPC potential is given by the Gaussian profile of the illuminating laser beam, whose waists are 5.6(3) mm and 33.6(6) mm along the y and x axes, respectively, in the image plane.
The QPC is characterized by n z and n x , the trap frequencies along z and x at the centre of the QPC, which originate from the harmonic confinement of the TEM 01 -like laser beam and the lithographically imprinted constriction, respectively. Typical values are n z 5 10.0(4) kHz and n x 5 30(3) kHz. The three lowest modes are thus separated by hn z < 0.5 mK, which is much more than the energy equivalent to the temperature of the gas. The zero-point energy in the QPC is E 0 5 (hn z 1 hn x )/2 < 1.0 mK, which is larger than the chemical potential m 5 370(11) nK imposed by the reservoirs. We use an additional laser beam creating an attractive gate potential V g at the position of the QPC to successively populate its otherwise empty transverse modes ( Fig. 1c-e ). This laser beam has a wavelength of 767 nm and a waist of 25.0(6) mm, and is propagating along the z axis.
To measure the conductance, we prepare an initial particle number imbalance DN 0 5 (N L 2 N R ) 0 5 0.40(2)N between the two reservoirs, with N L and N R denoting the particle numbers in the left and right reservoirs, respectively. This leads to a chemical potential bias Dm 5 94(7) nK= hn z driving a current I 5 GDm across the QPC. We access the conductance by measuring the relative particle number imbalance after 1.5 s of transport, assuming a linear response, and evaluating the compressibility of the reservoirs (Methods). Figure 2 presents the measured conductance as a function of V g for two different vertical confinement frequencies, n z 5 10.4 kHz and n z 5 8.2 kHz. The confinement frequency along x is set to n x 5 31.8 kHz. Both curves start at zero conductance (note that the 8.2 kHz curve is artificially offset for clarity) because the QPC is entirely closed at small gate potentials owing to its zero-point energy. The conductance starts to rise at the point where V g compensates the zero-point energy, and saturates very close to the universal value 1/h as soon as the ground-state mode is tuned below the chemical potential of the reservoirs. Higher modes follow accordingly on further increasing V g . We clearly resolve the first two conductance plateaux in the case of n z 5 10.4 kHz (open blue circles), corresponding to the population of the (n x 5 0; n z 5 0, 1) modes, where n x and n z are the quantum numbers in the harmonic potentials in the x and z directions. For n z 5 8.2 kHz (filled red squares), the plateaux are narrower because the modes are more closely spaced in energy. In this case, we resolve the first three modes (n x 5 0; n z 5 0, 1, 2) and even the onset of the (0, 3) mode is visible.
The inset in Fig. 2 shows a close-up view of the first conductance plateau (with no offset). When V g is replaced with the total energy E tot 5 V g 1 m of the particles minus E 0 and this value is normalized to hn z , the two data sets fall on top of each other as a consequence of universality, with the width of the plateau given by hn z . The absolute accuracy of our conductance measurement is limited by the uncertainty in the compressibility of the reservoirs, which amounts to 11% (Methods).
The quantization of conductance is universal and should not depend on the control parameter. To demonstrate this, we next use the horizontal confinement frequency n x of the QPC as a tuning parameter and keep the gate potential fixed. This is the counterpart of the measurement in solid-state physics where the split-gate voltage is tuned to reveal quantized conductance 2,3 . The blue data points in Fig. 3 
present this measurement
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for n z 5 10.9 kHz and V g 5 1.0(1) mK. We identify two increasingly wider plateaux centred at n x 5 20 and 35 kHz. They correspond to the presence of two or one conductance modes, respectively. The bending at n x 5 12 kHz is due to the population of a third mode, the (1, 0) mode. When widening the QPC further, the conductance rises quickly because the next transverse energy levels (n x , n z ) are energetically very close. The red data points in Fig. 3 correspond to n z 5 9.2 kHz and V g 5 0.8(1) mK, and show the same features as the blue data, with a reduced plateau width owing to a smaller n z .
We compare our data with theoretical predictions (solid lines in Figs 2 and 3) of the Landauer formula in the limit of entirely adiabatic and ballistic transport (equation (1)) without any fit parameters (Methods). The input parameters T, m, Dm, n x , n z and V g are all independently measured quantities. The positions and widths of the plateaux are in general well predicted. The conductances on the plateaux reach the universal values for moderate gate potentials. For larger gate potentials ( Fig. 2 ), the measured conductance is lower than predicted. Possible reasons could be the presence of additional contact resistances in the 2D tapered regions connecting the reservoirs with the QPC (Methods and Extended Data Fig. 4 ), or a small non-adiabaticity in the motion of the particles introduced by the gate potential, which accelerates the particles more and more towards the QPC as its strength is increased.
The sharpness of the transition from one plateau to the next is set by the finite temperature. We checked numerically within the adiabatic approximation that broadening due to tunnelling below the barrier or reflections above it 24 is much smaller than the relevant thermal broadening of the Fermi edge of ,4k B T (ref. 5; k B , Boltzmann's constant). Furthermore, we do not observe any nonlinear effects 25 due to the applied finite bias Dm because it is also smaller than ,4k B T.
Even with isolated reservoirs, which cannot dissipate energy, our QPC features quantized conductance that can be described by Landauer's theory. This is remarkable because our reservoirs are close to a collisionless regime, with a collision mean free path of approximately 12 mm, which is about 40 times larger than the size of the cloud and corresponds to a scattering time of about 400 ms (Methods and Extended Data Fig. 1 ). We attribute this to the three-dimensional nature and anharmonicity of the trapping potential, which should prevent closed particles orbits when the longitudinal and transverse degrees of freedom are mixed at the connections with the reservoirs (Methods and Extended Data Fig. 3 ). To further illuminate the role of mixing of the motional degrees of freedom, compared with thermalization via collisions, we measured the conductance with the scattering length set to zero during transport, such that the entire system became non-interacting and its evolution coherent. We could again observe clear quantized steps in the conductance (Methods and Extended Data Fig. 2 ). This is in a regime not covered by the usual assumptions of the Landauer theory because the latter relies on incoherent reservoirs to prevent particles from keeping their energy and reversing their motion. From that we conclude that the incoherence of our reservoirs is most probably mimicked by the above-described geometric effects, and that interparticle collisions have a minor role.
The chemical potential or voltage in a ballistic constriction drops at its contacts 26 , leading to universal conductance values independent of the length of the constriction. We demonstrate this by creating a long quantum wire ( Fig. 4 , upper inset). It has a length of 19.0(6) mm and the same width of 1.5(3) mm as the QPC. The projected structure is spatially smoothed by the low-pass filtering of the projection system. The triangular openings further smoothen the transition from the quantum wire to the 2D channel to avoid reflections at the openings 27, 28 . The resulting effective potential, with the openings modelled by an error function, is shown in the lower inset in Fig. 4 . It is highest at the entrance and exit of the quantum wire, which is a consequence of the nearly uniform confinement in combination with the Gaussian envelope of the attractive gate beam. The detection of single quanta of conductance is found to be less robust in this configuration, most probably because the points of highest potential are located at positions where the spatial profile of the gate potential has a slope. Nevertheless, quantized conductance plateaux 
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are observed for tight confinement (n x 5 24.6 kHz and n z 5 8.7 kHz; black circles in Fig. 4 ), using the gate potential as a tuning parameter. They are well reproduced by theory, up to a 10-20% reduction in height for the second and third plateaux. Possible interference effects, such as above-barrier resonances 27 , are not observed, probably because the finite temperature leads to an atomic coherence length of 7(1) mm, which is less than the length of the quantum wire. The green data in Fig. 4 demonstrate how the plateaux disappear when n z is lowered to 5.5 kHz. The conductance starts to increase at a lower gate potential because of the reduced zero-point energy. Well-defined plateaux are no longer visible owing to the reduced ratio of hn z to temperature. However, we observe a change in the slope of the conductance by a factor of ,2 at V g < 1.75 mK, which is where the first excited mode along the x direction begins to contribute. More precisely, when V g is increased from 0.25 to 1.75 mK the (n x 5 0; n z 5 0, 1, 2, 3) modes begin to contribute, whereas above V g 5 1.75 mK the (n x 5 0, n z 5 4, 5, …) modes and the (n x 5 1, n z 5 0, 1, …) modes begin to contribute, giving rise to a change in slope by a factor of ,2. This feature is accurately predicted by theory.
With our projection technique, channels shorter than the Fermi wavelength can be straightforwardly implemented to study the breakdown of the adiabatic assumption and to produce structured tunnel contacts as building blocks for quantum dots or interferometers. Increasing the interactions should allow us to investigate a possible breakdown of quantized conductance and the Landauer picture in the strongly correlated regime 29 . The detection of conductance at the level of single quanta provides access to the physics of topological edge states 30 , transport in the vicinity of a quantum phase transition 31 , and universal conductance fluctuations 32 .
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. 
METHODS
Experimental set-up. Our experiment uses the system described in refs 7, 33. In brief, a degenerate Fermi gas of 6 Li atoms is produced by evaporative cooling of a balanced spin mixture of the lowest and third-lowest hyperfine states in a hybrid magnetic and optical dipole trap in a homogenous magnetic field of 388 G, using a magnetic field gradient 34 . The dipole trap operates at a wavelength of 1,064 nm, and has a waist of 70 mm and a trap depth of 1.2 mK. The experiments are performed in a homogeneous magnetic field of 552 G, where the scattering length is 2187a 0 , a 0 denoting the Bohr radius. This allows for sufficiently fast thermalization of the reservoirs, and at the same time ensures a ballistic transport channel. All quantities in the text are stated for a single hyperfine state, implying that the conductance plateaux appear in multiples of 1/h and not 2/h. Transport sequence. During the preparation of the degenerate gas, a magnetic field gradient of 0.2 mT m 21 is applied along the y axis to shift the trap with respect to the QPC. A repulsive elliptic gate beam focused on the centre of the QPC is used to separate the two reservoirs as in ref. 33 . The powers of the laser beams creating the 2D channel and the QPC are consecutively ramped from zero to their final values within 200 ms. Then evaporative cooling is enforced by using a magnetic field gradient along the z axis 34 . This procedure results in a well-defined particle number imbalance between the two reservoirs. Next the dipole trap is adiabatically decompressed from a trap depth of 5.6 mK to a final depth of 1.2 mK within 200 ms to further reduce the absolute temperature of the gas. During the same time interval the attractive gate potential is ramped from zero to V g . Finally, the magnetic field gradient along y is ramped to zero within 60 ms, resulting in a well-defined chemical potential difference Dm between the two reservoirs. We start the transport process by removing the repulsive gate beam. After a transport time of 1.5 s we switch the repulsive gate beam back on to stop the transport process, and we measure the atom number in both reservoirs via absorption imaging along the x direction. Conductance evaluation. From the equation for the current, I 5 GDm, we find that the temporal evolution of the particle number imbalance between the left and right reservoirs, DN 5 N L 2 N R , is governed in linear response by the equation
where N 5 N L 1 N R is the total atom number and C eff 5 (1/C L 1 1/C R ) 21 is an effective compressibility determined by the respective compressibilities of the single reservoirs at equilibrium. In agreement with this equation we observe an exponential decay of the relative particle number imbalance as a function of time, the time constant being t 5 C eff /G. We evaluate G by measuring t and evaluating C eff . The error made when replacing Dm with DN/C eff to obtain the linear response equation (equation (2)) is smaller than 5% at the largest value of DN/N, which is 0.4. We determine t by measuring the relative particle number imbalance at t 5 0 and again after a transport time of t tr 5 1.5 s. From the solution of equation (2) we obtain
where a constant offset of 20.20(1) is subtracted from both imbalances. This offset originates partly from the relative alignment of the gate beam and the lithographic system, and for the data of Fig. 2 it varied linearly from 20.20 to 20.16 over the range shown. The compressibilities C L 5 C R 5 C of the identical reservoirs are calculated from the trap geometry, particle number and temperature, assuming a non-interacting Fermi gas. In brief, the trapping potential is harmonic along the x and z directions and half-harmonic along the y direction 33 , with respective trapping frequencies of 194, 23.5 and 157 Hz along the x, y and z directions. The effect of the repulsive potential of the TEM 01 -like laser mode, creating the 2D channel, is to shift the Fermi energy and chemical potential by 17% towards larger values with respect to the unperturbed cloud. The compressibility is almost not affected. The systematic uncertainty in C eff is 11%, which is due to the calibration error in the total particle number and an uncertainty in the overall trapping potential. Trapping frequencies of the QPC and the quantum wire. The transverse trapping frequencies of the QPC and quantum wire, n x and n z , are measured by parametric heating in a dipole trap created by a laser beam with a waist of 8 mm and a wavelength of 767 nm, propagating along the z axis. The observed resonances have relative widths (full-widths at half-maximum) of dn z /n z 5 0.05 and dn x /n x 5 0.30 (5) , respectively. n z is found to depend weakly on n x . This is because the darkness of the projected QPC structure decreases as a result of diffraction when moving out of focus along the z axis, thus creating an additional confinement along z. We measure this contribution to beñ z~0 :16 n x . Hence, n z is given by n z~ffi ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi n 2 z,0 z 0:16 n x ð Þ 2 q , where n z,0 is the trapping frequency in the absence of the QPC. The values of n z stated in the text for the data of Fig. 3 are evaluated for n x 5 31.8 kHz to be comparable to the values set for the data of Fig. 2 . For the shown range of n x g [10 Hz, 50 Hz], n z varies by 12% around its mean value for the n z 5 10.9 kHz data and by 16% around its mean value for the n z 5 9.2 kHz data Adiabatic approximation and theory curves. The computation of the conductance makes use of the adiabatic approximation 5, 24 , allowing for a separation of longitudinal (y) and transverse (x, z) variables. It neglects scattering between different transverse modes and is justified if the confinement of the constriction varies smoothly along the transport direction. This is to a good approximation the case for both the QPC, with its Gaussian envelope, and the quantum wire, with its triangular openings that are smoothed by the inherent low-pass filtering of the projection system. In the resulting one-dimensional Schrödinger equation the transverse energy E n y ð ÞẼ nx ,nz y ð Þ~hn x f x y ð Þ n x z1=2 ð Þ zhn z f z y ð Þ n z z1=2 ð Þ , with f x (y) and f z (y) describing the spatial variations of the corresponding trapping frequencies, acts as an additional potential. Together with the gate potential V g (y) it forms the effective potential drawn in Fig. 1d and in the inset of Fig. 4 . For the QPC we have f x,z y ð Þ~exp {y 2 . w 2
x,z , with w x 5 5.6(3) mm and w z 5 30(1) mm, whereas for the quantum wire f x is constant along the wire, with its edges modelled by an error function.
The theory lines in Fig. 2 are dashed above V g < 1.5 mK because at this point the maximum of the effective potential moves from the centre to the sides of the QPC, which is not taken into account in the theory. This effect is not expected to explain the observed shift of the conductance below the universal values for large gate potentials.
The conductance is calculated from equation (1), which we obtain from the twoterminal Landauer formula in the adiabatic regime 5
by setting the transmission probability to be T n (E) 5 H(E 2 E n ), with H(E 2 E n ) the Heaviside step function. This substitution corresponds to the semiclassical approximation, where the transmission probability for particles is 1 if their total energy is larger than their transverse energy, and is 0 otherwise. It neglects tunnelling below the barrier and reflections above it 24 , which would lead to a broadening of T n (E). We checked numerically that for our geometry this broadening is much smaller than the thermal broadening of the Fermi-Dirac distribution and can thus be neglected.
Taking into account the gate potential for the conductance evaluation, equation (1) 
In the case of the quantum wire V g is multiplied by a factor of exp(22 3 9.5 2 /25 2 ) to account for the fact that the points of largest effective potential are located 9.5 mm from the centre of the gate potential and the quantum wire. The shaded error regions in Figs 2-4 cover statistical and systematic errors of the input parameters and are determined using Gaussian error propagation. The main contribution in Figs 2 and 4 is the uncertainty in n x , whereas in Fig. 3 it is the uncertainty in V g . Timescales in the reservoirs. Here we discuss the timescales and associated length scales relevant to the evolution of the coupled reservoirs, as sketched in Extended Data Fig. 1 . The shortest timescale is the Fermi time h/k B T F < 125 ms. On this timescale the atoms exiting the channel into the reservoirs travel a distance of the order of the Fermi wavelength. Recent calculations in a geometry similar to our experimental configuration, where a one-dimensional channel enters a wider region, show that it takes a time of only 10h/k B T F for a steady flow pattern to establish 35 . Importantly, it was shown that this is the case in the presence of an incoherent bath as well as in a complete microcanonical picture.
The next-longest timescale is the coherence time h/k B T < 1.1 ms. This timescale is about an order of magnitude smaller than the oscillation period in the reservoirs 1= n<8:5 ms, where n is the mean trap frequency in the reservoirs. This prevents interference patterns from developing in the reservoirs. The dephasing of the interferences is due to thermal averaging, and not due to inelastic scattering with phonons, as can happen in solid-state systems.
Because the reservoirs are three-dimensional and the trapping potential is anharmonic, it is unlikely that trajectories will be closed, and we should instead expect complex orbits leading to escape times much larger than the oscillation period 36 .
The thermalization of the incident particles from the QPC occurs on the scale of the scattering time t s~( 1= nsv F )(T=T F )<400 ms, where n is the peak density at the trap centre, s is the scattering cross-section for interparticle collisions and v F is the Fermi velocity. This timescale does not account for the finite bias, and should thus be considered an upper bound. Here we are concerned with the decay of excitations above the Fermi surface and not with a generic particle in the trap, and the Pauli principle thus leads to suppression of scattering by a factor T/T F and not (T/T F ) 2 . This situation is similar to the case of evaporative cooling where the exit states are empty 37 . Note that this scattering is elastic, and that the many-body evolution of RESEARCH LETTER the reservoir remains coherent. The interparticle scattering ensures that the energy distribution follows Fermi-Dirac statistics. While theoretically possible, revivals due to the coherent many-body evolution of the reservoirs should take place only on extremely long timescales. The corresponding collision mean free path is about 12 mm, showing that many oscillations in the reservoirs take place before collisions redistribute the energy. This also shows that in our experiment, the decay of excitations introduced by the transport is non-local.
The timescale for current flow corresponds to the timescale t RC of the equivalent RC circuit. In our case, t RC < 8 s for the first conductance plateau. We measure the decay of the atom number imbalance in the reservoirs after an observation time of typically t obs 5 1.5 s.
Inelastic processes take place on even longer timescales. Three-body recombinations are strongly inhibited by the Pauli principle. All the available estimates for the loss coefficient in the BEC-BCS crossover (with much stronger interactions than in our present work) suggest a timescale larger than 1,000 s (ref. 38) . Spontaneous emission in the far-detuned optical dipole trap takes place on a timescale of t trap < 580 s. The attractive gate potential has a spontaneous emission timescale of t gate < 63 s. Yet only a tiny fraction of the atoms are exposed to this potential (,1%), which reduces accordingly the actual probability for an atom to scatter from this beam. The finite depth of the optical dipole trap allows in principle for free evaporation of high-energy atoms. This effect is controlled by an effective truncation parameter g( U{k B T F )=k B T<19, which is large enough that escape of atoms can be neglected. Non-interacting reservoirs. We took another set of data with parameters similar to the ones of Fig. 2 , with the interaction strength tuned to zero. The reservoirs are prepared as described in the main text, with the same initial particle numbers and a temperature of T 5 50(10) nK 5 0.13T F . The confinement in the QPC was n z 5 10.4 kHz and n x 5 31.8 kHz, and the observation time was set to 4 s. Before starting the transport process, the magnetic field was ramped to 567.8 G, where the scattering length amounts to a 5 24a 0 (ref. 39) . This corresponds to an elastic scattering time of 850 s for atoms above the Fermi level, placing the reservoirs in non-interacting conditions. Even though the cloud is prepared in thermal equilibrium, the subsequent evolution of the reservoirs is non-thermal. Applying the same data processing as for the weakly interacting gas, we obtain the same step features, as presented in Extended Data Fig. 2 (filled magenta squares). The data was taken simultaneously with a reference data set (open blue circles in Extended Data Fig. 2) , where the scattering length was set to a 5 2187a 0 , as it was for all the data presented in the main text. By comparison, we see that the complete absence of interactions does not lead to any noticeable change in the conductance. The theory curve in Extended Data Fig. 2 includes a common shift of 150 nK in the local chemical potential in the QPC for both scattering lengths, arising most probably from a finite contrast in the intensity profile of the QPC.
Note that formally, the absence of thermal equilibrium prevents us from defining a chemical potential in the reservoirs. Thus, the conductance cannot be deduced from the ratio of current to particle number imbalance and compressibility. For clarity, to allow for a direct comparison of weakly and non-interacting gases, we nevertheless present the data in the same way because they result from the same data processing procedure. Adiabaticity estimate. In the Laudauer picture, the observation of quantized conductance relies on the fact that no transitions between transverse modes take place inside the point contact. In principle, this could be the case because in their rest frame, the moving atoms see a time-dependent confinement leading to possible transitions between modes when this change is too fast. Specifically, atoms will stay in the same transverse energy state E n 5 Bv n if, in the frame moving with the atoms, the temporal change of this energy B _ v n relative to the level spacing DE 5 BDv is small compared to Dv itself 40 :
Because Dv is very small far away from the QPC, this criterion can be fulfilled only in the region of the QPC and necessarily fails at its entrance and exit. The criterion to observe quantized conductance is then that the breakdown of adiabaticity should take place inside the reservoirs, that is, where many modes are populated 28 . The nonadiabatic motion of atoms entering the reservoir ensures that the longitudinal and transverse degrees of freedom are coupled. Then atoms move in the anharmonic reservoirs with random initial momenta, leading to open trajectories and effectively randomizing the momentum directions. This mechanism redistributes the energy of an atom between its different degrees of freedom, independently of the presence of interactions.
We now calculate the extent to which equation (3) is satisfied for the atoms moving through our QPC. We present the analysis only for the transverse energy states along the x direction, which are the limiting case because they vary faster along y than do their counterparts along the z direction. Taking into account the Gaussian envelope of the QPC confinement, f x y ð Þ~e {y 2 =w 2 y (see above), equation (3) reads
where n x,0 is the central trapping frequency of the QPC along x, which was referred to as simply n x in the main text. For n x 5 0 we obtain
where the velocity _ y is determined by the kinetic energy along the transport axis, which is the local chemical potential m 1 V g minus the transverse energy E nx ,ny . On the qth plateau the modes (n x 5 0; n z 5 0, …, q 2 1) are populated and their corresponding longitudinal velocities are
with m the mass of the lithium atoms. Inserting equation (5) into equation (4), we plot both sides of the inequality as functions of y, as shown in Extended Data Fig. 3 for the case of q 5 3. At a distance of y s < 1.5w y from the centre of the QPC the _ v x,nx~0 =Dv x curves intersect Dv x , defining an interval [2y s , y s ] within which adiabatic motion of the atoms is assumed. This interval is larger than the width ,2w y of the QPC. Note that for a given q, the mode with the largest quantum number n z , that is, n z 5 q 2 1, fulfils the adiabaticity criterion best because it has least kinetic energy along the transport direction and, thus, the smallest velocity _ y entering in equation (5) . It is represented by the dash-dot line in Extended Data Fig. 3 . For the same reason, counting downwards in n z leads to successive increases in the slope of the _ v x,nx~0 =Dv x curve in Extended Data Fig. 3 , and, thus, to a slightly smaller value of y s .
The criterion for exact conductance quantization can be formulated more precisely when considering an adiabatic opening of the constriction, terminating in a sudden opening to the reservoirs. Then the condition for full transmission of the mode n x is that at the position y 0 of the sudden opening n x is much smaller than the maximum mode number n x, max <(mzV g )=(hn x,0 f x (y~y 0 )) available at the sudden opening 28 . Applying this to our case by setting y 0 < y s , we obtain n x,max < 10 for q 5 3. This consideration shows that transport through our QPC should be adiabatic within the presented framework. Possible series resistance to the QPC. In this section we investigate whether an additional resistance in series with the QPC can explain the deviation of the conductance from the universal values at large gate potential, as observed in Fig. 2 and Extended Data Fig. 2 . This additional resistance can arise as a contact resistance due to the connection of the reservoirs to the 2D channel if a remixing of transverse modes occurs between the tapered 2D region and the QPC.
Let us consider the effective potential drawn in Fig. 1d . At distances of ,20 mm to the left and right of the central maximum, there are side maxima, which are the result of the combined potential of the 2D confinement and the gate potential. They can be regarded as constrictions in series with the QPC. If transport through the entire structure is phase coherent, the resistance is determined by the largest barrier, which is in our case the central confinement of the QPC. However, if there is a remixing of transverse modes between the individual constrictions, their resistances add 41 . Phase randomization in general can occur as a result of inelastic scattering or effectively in our case by a sufficiently rapidly varying geometry along the transport axis (see 'Adiabaticity estimate'), which leads to intermode transitions 42 and, thus, to a randomization of the relevant longitudinal momentum and the associated phase. Applying this scenario to our geometry, the minima in the effective potential next to the central maximum, which appear for large gate potential, would act as incoherent reservoirs and we could write the measured conductance as
where G QPC is the conductance of the QPC only and G 2D is the conductance associated with one of the side maxima of the effective potential. We measured G 2D in the absence of the QPC, assuming that transport through the rather smooth effective potential of 2D confinement and gate potential is phase coherent. It is plotted in Extended Data Fig. 4a for the same 2D confinement as for the data of Extended Data Fig. 2 and for a scattering length of a 5 2187a 0 . Tuning the scattering length to zero has no effect. Above V g <1 mK the gate potential leads to atom losses in the absence of the QPC, most probably because in this case many more atoms reside in the centre of the gate potential, which can introduce a leak in the trapping potential owing to the potential gradient produced by an imperfectly collimated gate laser beam. To evaluate G QPC from equation (5) for the entire range of gate potentials presented in Extended Data Fig. 2 , we linearly extrapolate G 2D towards larger values. The resulting G QPC is plotted in Extended Data Fig. 4b, and we see that the second plateau of G QPC is now also in agreement with the universal value. It is of course possible that we are in an intermediate situation between phase-coherent transport LETTER RESEARCH and the regime where the resistances of subsequent constrictions add, in which case G would be given by a formula interpolating between the two regimes 41 . Furthermore, the latter regime might be reached only for large gate potentials, in which case equation (5) should be applied only for large gate potentials. However, for small gate potentials, that is, for small conductances G, the contribution of G 2D in the evaluation of G QPC is anyway very small, because the resistor 1/G QPC then dominates the two resistors 1/G 2D .
